In order to begin the process of characterizing transport in arcjet plumes, profiles of electron temperature, number density, pressure, and flow field patterns were obtained over an extensive volume of the plnme of a 1 kW arcjet operating on hydrogen. Axial and radial measnrements made over a region of the plume that extends from the arcjet exit plane to over one meter downstream of it are reported. Emission spectroscopy measurements of electron temperature were made near the exit plane of the arcjet.
made over a region of the plume that extends from the arcjet exit plane to over one meter downstream of it are reported. Emission spectroscopy measurements of electron temperature were made near the exit plane of the arcjet.
All experiments were performed in a 6 m by 9 m vacuum chamber with a pumping speed of over 100,000 l/s on hydrogen. Tank pressure was typically maintained to less than 3.8 x lor4 Torr during arcjet operation. In addition to the plume study, arcjet performance measurements are reportcd. A. ing been qualified and used for North-South stationkeeping duties on the Martin Marietta Astro Space Series 7000 communication satellite [l] . A number of technical issues still remain to be resolved, however, if the full potential of these engines is to be realized. This is particularly true for the higher powered arcjets that are proposed .for orbit transfcr and orbit maneuvering applications[2, 3, 4, 5, 61. These issues include understanding how input power is parceled among the various energy modes of the working fluid as well as how it is deposited into the arcjet structure (e.g., electrode losses), and how the transport of mass, momentum, and energy in the plume may affect spacecrsLft operation and lifetime. In order to begin the process of characterizing transport in arcjet, plnmes, profiles of electron temperature, number density, pressure, and the flow field were ob tained over an extensive volume of a 1 k\V arcjet plume.
Axial and radial profile measurements were made with pressure probes and Langmuir probes over a region of The arcjet was operated on simulated liydrazine, ammonia, and pure hydrogen. Because of space and time limitations, only results with pure hydrogen are reported. In addition to the plume study, arcjet performance measurements were made as well and are reported. It is lioped and anticipated that knowledge gained from this work can he applied to higher powered device+ for a variety of propellants.
Experimental Apparatus
A 1 kW-class arcjet that was supplied by the NASA Lewis Research Center (LeRC) was used for this st,udy (cf. Fig. 1) . The engine features a 2%-thoriated tungsten cathode and a nozzle (also of 2%-thoriated tungsten) that S~I V C S as the anode. The arcjet has a 0.51-mm-diameter by 0.25-mm-long constrictor, a 30 degree half-angle converging nozzle section upstream of the constrictor, and a 20 dcgrce half-angle diverging section. The exit diameter of the nozzle is 9.52 mm, giving the expansion section an arca ratio of 350. The electrode gap spacing is 0.51 mm. The outer housing of the device is constructed of titaniated zirconiated molybdenum (TZM).
Arcjet power is provided by a 1800 Watt Sorenson power supply that is conditioned by a NASA Lewis Power Processing Unit (I'PU). The PPU nominally operates at output voltagcs of bctween 100 and 120 Volts and at currents between 6 and 12 A with * I 5 A ripple [9] .
Arcjct voltage is measured with Tektronix P6007 100:l voltage probes clamped to the electrode leads. The voltage probe signals are collected by a Tektronix AM501 opcration amplifier. Digital mnltimeters are used to measure tlic discharge voltage as well. Arcjet current is moilitorcd with a Tektronix A6303 current scnsor powered by a Tektronix AM503 current probe amplifier. Arcjet voltage and current data are monitored and stored by the computerized data acquisition system describpd below.
All experiments reported were performed in a 9-mlong by 6-m-diameter stainless-steal vacuum chamher (cf. Fig. 2) . The facility is supported by six 81-cm-diameter diffusion pumps each rated at 32,000 11s (with watercooled coldtraps), backed by two 2,000 cfm blowers, and four 400 cfm mechanical pumps. These pumps give the facility an overall pumping speed of over 100,000 11s at Torr. In addition, a Polycold PFC-1100 closed-loop W water cryopump has been installed to double the water pumping speed of the facility (to over 150,000 I/s for HzO). This, greatly reduces the pump-down time nceded for the facility. It typically takes four hours to evacuate the chamber to 3 x Torr from atmospheric pressure. Chamber pressure is measured with MKS model 919 hot-cathode ibnization gauges located on vacuum ports on either side of the chamber and by MKS Type 3171IA
Raratron capacitance manometers located in the center of the chamber (cf. Fig. 2 ). Background chamber pressure is maintained to less than 3.8 x lo-* Torr (0.04 Pa) during arcjet operation on simulated hydrazine and to 1.5 x Torr (0.01 Pa) while the arcjet operates on 15 mg/s (10 SLPM) of pure hydrogen.
Mixtures of nitrogen and hydrogen were used for all experiments to simulate hydrazine and ammonia decomposition products. For this study, the arcjet was operated at hydrogen flow rates of up to 16 mg/s and nitrogen flow cjet from compressed gas bottles through stainless-steel feed lines. The hydrogen bottles are stored in a shed outside of the laboratory. Hydrogen leak detcctors are used to track hydrogen leaks through the propellant feed and vacuum exhaust systems. Nitrogen is injected into each of the mechanical pumps gas ballasts and exhaust manifolds to 'dilute the hydrogen prior to atmospheric exhaust.
Propellant flow is controlled and monitored with an array of MKS 1159B mass flow controllers specially calibrated for liglit and heavy gases. The system is capable of handling up to 16 mg/s of hydrogen and 110 mg/s of nitrogen with an accuracy of 1%. The flow controllers are periodically calibrated with a calibration rig that measures gas pressure and temperature changes, with time, in an evacuated chamber of know volume to estimate the mass flow rate (via the ideal gas law).
Thruster operation is visually monitored and stored with a Sony camcorder connected to a JVC Super VIIS Cassette Recorder. A filter wheel is pl.xed i n front of thc vidco camera to allow band-pass filtered images of the plume to be stored on film. Video frames are downloaded to and stored on a Macintosh computer (cf. Fig. 1) for image processing and analysis through the use of a frame grabbing system developed hy Radius.
A Macintosli based data acquisition systcm, dcveloped by National Instruments (1,abVIEW) and controlled by rates of up to 41 mg/s. Propellant is supplied to the ar- LABVIEW 11, software, monitors all thruster, diagnostics, and tank operations. The system includes four SCXI-1120 8-channel isolation amplifiers that are used in conjunction with a NB-MIO-1GXH-18 data acquisition hoard, and a NB-MIO-GPIB high-speed IEEE488.2 interface card. This configuration provides thirty-two islated differential input channels and the ability to control instruments with IEEE-488.2 communication ports.
Results and Discussion
The arcjet was allowed to run for a 20 minute warmup period after ignition before mcawrements were made. This time was determined to be the duration needed for the arcjet to r c x h thermal equilibrium, on the basis of discharge voltage. Voltage and current ripple were measured with a four channel 500 MHz Tektronix TDS540 digital oscilloscope which is capable of collecting 50,000 pts a t 250 million Samplcs/sec per channel. The oscilloscope traces are transferred to a computer via the National Instruments NB-MIO-GPIB hoard. At 10 A, 110 V, and 15 mg/s (10 SLPM) of €12, current and voltage ripple WCTC measured to be approximately 1.4 A and 6 V, respectively, at ii frequency of 18 kIIz, well within thc nominal operating parameters of the PPU[S].
Performance Measurements
In an attempt t.0 verify that the arcjet was operating properly, performance measurements were made with simulated NzHn at 47 mg/s, simulated NH3 at 38 mg/s, and pure Hz at 15 mg/s. The thrust stand that was used is based on the inverted pendulum design used at NASA LeRC [IO] . The arcjet was mounted to a Macor slab that is attached to an aluminum plate, which in turn, is connected to the b'tse of the thrust stand through B series of stainless steel springs. The aluminum plate is connected to the core of a Lucas Schaevitz model 100-IIR Linear Variable Differential Transformer (LVDT). Tho core resides within a LVDT coil that is mounted to the base of the thrust stand. The output from the INDT is routed to a Lucas Schaevitz DTR-451 Digital Transducer Readout (DTR) that was been calibrated in its low sensitivity mode, and to the data acquisition system. Arejet/tliriist-stand leveling is performed manually prior to chamber pump-down so that the core is in its null position within the coil. In-situ thrust stand calibration is performed by loading and off-loading small weights to simulate thrust via a remotely-controlled steppcr motor driven pulley'system. A linear curve-fit of LVDT displacement vs. thrust is then obtained and used for performance meawrements. Soon after the arcjet is turned off, a post-test calibration is performed. The springs of the stand were made with extrastiffness to minimize thruster Figure 3: Arcjet performance data for simulated 11y-drazine (h=47 '"6,'s).
deflection, thus allowing plume measurements to be made concurrently with thrust measurements.
Thrust data, based on the predetermined curve fit is displayed and simultaneously stored by the data acquisition system. The data acquisition system also reads mass Row rate, current, and voltage, enabling it to calculate thrust cfficiency and specific impulse. Bccause the facility does not yet have water handling capability, the cntirc invertcd pendulum thrust stand is enclosed in a stainless-steel shell which sits on a movable platform. Pre-run and post-run calibration curve I&, which usually differ only in intercepl, &Tile used to accoimt for thermal drifts, however, as the performance data below show, active cooling will have to be incorporated into the stand. Therefore, the stainless-steel shell will soon be rcplaced with a water-cooled copper shell. Fig. 3 shows arcjet performance data for simulated hy&mine at 47 mg/s and for currents between 6 and 12 A; the entire range of the PPU. Thrust efficiency is calco- This definition of thrust efficiency does not take into account cold-gas thruster performance, nor does it include corrections to I,, for background pressure effects.
As the figure shows, thrust efficiency ranges between 30 and 40%, and specific impulse is between 350 and 450 sec. Since at low power levels (i,e., current bclow 10 A) the thrust and Irp measurements are expected to be nccurate to within a few percent, the smaller error bars on the figures'represent the spread in raw data, typically 5%-7%. For currents above 10 A, thrust was measured to decrease with increasing power. This is obviously a result of excessive thermal drifts of the thrust-stand. Attempts at taking this drift into account after the arcjet was turned off were not successful since thcrmocouples attached to the stainless-steel shell showed that once the arcjet is turned off, the thrust stand quickly cools off prior to the post-run calibration.
Although not shown on the figure, performance measurements with NH3 and H2 at 10 A and the mass flow rates noted above were also made. Typical values are presented in Table 1 .
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Near-field Measurements
All near and far-field arcjet measurements were made with the arcjet operating on pure hydrogen at a mass flow rate of 15 mg/s (10 SLPM), and at a current of 10 A. A typical chamber pressure for this operating condition Plume diagnostics, both in the near and far fields, were performed through the use of a custom-made probe positioning system developed by New England Affiliated Technologies (NEAT). The table contains two rctary platforms on a 1.8-m-long (6 ft) linear stage in the radial direction that is mounted on a 0.9 m ( 3 ft) travel axial stage. Thc rotary k t u a t o r s not only allow Langmuir and pressure probes to be rotated to minimize measurement errors due to probe misalignment with the flow[ll, 12, 13, 141, but also for the purpose of characterizing the local flow field. The system allows for sweeps with two probe rakes a t a time at radial speeds in cxccss of 60 cm/s with an absolute position accuracy 010.15 mm with time (or position) varying probe angles. The system was 1.5 x ~~r r . L/ is operated by its own Mncintosh-driven control station via IABVIEW I1 software. Like the thruster station, the entire probe positioning system is mounted on a movable platform to allow for measurements to be made throughout the chamher (cf. Fig. 2 ).
Near-Field Langmuir Probe Measurements
A cylindrical single Langmnir probe was used to measure n, and kTe near the exit of the arcjet. The probe is composed of a tungsten wire electrode, 0.23 mm (9 mils) in diameter and 1.9 cm (0.75 inches) long, attached to the center conductor of a triaxial boom that is constructed of titanium with Teflon insulation. The boom is approximately 4 mm in diameter and 18 cm long. The collector electrode of the probe was biased with respect to the chamber wall by a I<epco model BOP 100-2M programmable bi-polar power supply which can provide an output voltage of *I00 V at up to 4.8 A. A function generator was used to provide the 12.7 H z triangular source waveform that was amplified to +I0 V by bi-polar supply. Since the arcjet anode is tied to chamber ground, there is no need to use an isolated transformer for the bi-polar power supply.
Probe current, measured through a 10 Ohm shunt, and probe voltage, measured with respect to tank ground, wcrc collected with voltage probes and operation amplifiers. Amplifier output signals were collected both by the data acquisition system for storage and later processing, and by the digital oscilloscope for real-time proccssing. The data acquisition system stored 50 pairs of probe voltage-current per voltage ramp.
All near-field measurements were made with the tip of the Langmuir probe placed 20 mm downstream of the nozzle exit. To collect data this close to the exit, the probe was quickly moved to the collection site (at the appropriate angle), kept there long enough to collect ten ramps of data (-1 sec), and rapidly move out of the plume to allow for probe cooling. This approach also served as an effective means of cleaning the probe.
Since in the near-field r,/Xo 2 10 and Ai/r,, > 100, the standard collisionless thin sheath Bohm ion saturation current model was used to interpret Langmuir probe data. To account for ion current collection due to convection from the flowing plasma, the probe angle \ v m varied between 0 tmd 10 degrces with rcspcct to the plume axis of symmetry. 10 dcgrccs was determined to he the maximum angle possible for the boom of the probe not to perturb the now. Fig. 4 shows radial electron tempcrature and number density profiles. As the figure shows, electron number dcnsity mcasurements are quite sensitive to to probe angle. T h e peak value of n, (slightly offset from the axis) at 10 degrces is more than twice that with the probe aligned with the thruster axis. However, the no data for the three probe orientations converge with increasing radius, and identical values are prodicted 18 mm from the centerline. Radial Poartion (mm)
Figurc 4: Electron number density a n d tempcrature profiles.
LIF measurements have shown the axial velocity of hydrogen arcjcts to decrease rapidly with radius[l5]. Thus, the fact that probe angle has little influence on number density measuremcnts at this location may be an indication that the local flow velocity is close to the heavy particle thermal speed, and so convective ion collection at the prohc becomes indistinguishable from random flux collection.
Higher than expected electron temperatures were measured with the Langmuir probe. Electron temperature is seen to decrease with increasing probe angle hut to remain relatively constant with radius. This last trend has been observed in higher powered hydrogen arcjets (10 kW) via emission spectroscopy [l6] . Only the 0 degree probe data predict expected values of kTo. The remon for this probe angle dependence is not known at this timc. provide phase-locked spectrometer scans.
Because of the large size of the chamber, direct optical W access to the exit of the thruster is diflicult to achieve. Thus, light from the arcjet plume is focused onto the face of a 100-micron-diam. silica optical fiber by a 25-mmdiam. achromatic lens within the chamber, and is transmitted to the spectrometer via a vacuum feedthrough. The exiting light from the optical fiber is then focused onto the entrance slit of the spectrometer by another 
Emission Spectroscopy
Spectroscopic measurements were made with a Spex Industries model 500M Czerny-Turner type spectrometer. The spectrometer has a focal length of 0.5 m e ters, an f/4 aperture, and a dual exit assembly to allow for the installation of both a Photo Diode Array and a Photo Multiplier Tube. A 1800 gr/mm holographic grating, blazed at 500 nm, was used for all measurements, giving the spectrometer a dispersion of 1.2 nm/mm, a spectral range between 120-1000 nm, and a wavelength rcsolution of 0.015 nm. Light detection is achieved using Characterization of the spectral response for this imaging system was made using a tungsten lamp as a light source in place of the arcjet plume. Emissivity values for tungsten were used to determine the actual spectral output of the lamp. True lamp intensity along with corresponding measured intensity acquired from the spectrometer photomultiplier tube signal was then used to determine the system's spectral response. The spectral response function was used to correct the measured intensity at a given wavelength to its true value.
In order to allow radial scans to be made at or near the arcjet exit plane, the collection optics are mounted on n NEAT 28 cm (11 inch) linear positioning table that is vertically mounted to the side of the thruster station next to the thrust stand. This allows the collection optics to be position approximately 10 cm above or below the center of the plume. When not in use, the collection lens is stored in a "safe-box" at the top of the stage. The table is controlled by a PC.
10 A at a mass flow rate of 15 mg/s of pure hydrogen. The arcjet is allowed approximately 20 minutes to reach equilibrium before spectra are taken. Data were taken by translating the optics in 1 millimeter incremcnts perpendicular to the plume axis 12 mm downstream of the exit plane and 15 cm to the side of the arcjet centerline. The spectrometer entrance slit was set at 100 microns to maximize the amount of light collected by the spectrometer while the exit slit was set at 500 microns to ensure capture of Stark broadened hydrogen lines. The emissivity coefficient for each measured transition was then calculated from intensity profiles along various chords of the plume via Abel inversion. With the emissivity coefficient, Boltzmann plots were then made to determine the electron temperatnre as a function of radius. Fig. 5 a) shows examples of Boltzmann plots made at three radial locations, 12 mm downstream of the exit plane. The 434 nm, 410 nm, and the 307 nm hydrogen lines hydrogen Balmer lines were used for this plot. The linearity of this plot suggests that the upper states used in the Boltzmann plot are in local thermal equilibrium with the electrons and can be used to measure electron lemperature.
Pig. 5 b) plots electron temperature, as is determined from the Boltzmann plot, as a function of radial position. As the figure shows, the electron temperature drops off rapidly with radius. The peak electron tcmperatiire All spectra were taken with the arcjet operating at \ -
L'
In order to measure electron temperatures and densities approximately one meter from the arcjet exit plane, where AD is on the order of 0.1 mm [7] , a 0.42-cmdiameter by 5.1-cm-long rhenium cylindrical Langmuir probe was used in conjunction with the smaller probe that was used for near-field single-probe measurements. The collector electrode was formed by vapor-depositing rhenium on a molybdenum mandrill.
In the far-field, A, and X i are expected to be an order of magnitude larger than the diameter of thc large probe and at least two orders of magnitude larger than the sheath. Furthermore, since rp/AD will be approximately 20 or more for the large probe, a thin sheath of -0.13 eV is found near the center of the plume. At 10.5 mm from the plume center, the electron temperature drops to less than 0.11 eV. Initially, four hydrogen Balmer lines were used in this study for making Boltz-
I +~ = (2e3n,2~Z/112)(~,/~,)(~p -v). (2)
mann plots; the 486 nm, 434 nm, 410nm, and the397 nm hydrogen lines. It was observed, however, that the electron temperatures predicted with these Boltzmann plots increased with radius, a trend which is counterintuitive. This behavior suggests that the low lying states on the plot may not be in equilibrium with the electron energy distribution. The 486 nm state lies 0.31 eV below the nearest upper exited state in the Balmer series. As a consequence of the wide (relative to kT,) encrgy spacing between this state and its nearest upper excited state, it is improbable that the electrons are in equilibrium with it. Additionally, the intensity of this state decreases with radius as the true clectron temperature and density decrcases, and as the lower lying excited states in general fall further out of equilibrium. This results in a flattening of the slope of Lhe Boltamann line at large radii, resulting in artificially high kT,. This low lying state was thus removed to make Fig. 5 a) , and the data were refitted to predict the electron temperature profile shown in Fig. 5 b) . The electron temperatures calculated from the the corrected Boltzmann plot are consistent with the cnergy spacing between these upper states. This finding suggests that the upper states used in Fig. 5 a) are in local thermal equilibrium with the electrons and can he used to measure electron temperature. Of concern is the disagrecmcnt between Langmuir prohc and spectroscopy kT, data. Unfortunately, time did not permit for a thorough investigation into the source of this discrepancy to be made a t present. 
Far-field Measurements
Far-field Langmuir Probe Measurements
It should be noted that in contrast to the Bohm thin sheath model, in this limit ion saturation current no longer depends on electron temperature.
To test the validity of the model, the ion saturation current of the small probe was measured as a function of probe potential while it was kept in a portion of the arcjet plume where the electron temperature and number density had been measured at -0.1 eV and 1 x IO9 ~m -~, respectively, by the large probe. The probe was placed along the center of the plume both parallel and perpendicular to the axis of the arcjet. This data is shown on voltage-current data points were collected per millimeter of radial travel (voltage ramp). A Hewlctt-Packard workstation running MATLAB was used to process the tens of thousands of data points to obta,in electron temperatures and number densities. Only data collected at angles at which the axis of the probe is aligned with the local flow (i.e., minimum ion saturation current) are reported.
As the figure shows, the peak number density drops from 5 x lo9 to less than 2 x lo9 cm-3 over a half-meter increase in axial position. At 30 cm from the exit, the number density at the edge of the measurement region is nearly an order of magnitude smaller than thc peak value. At the 88 cm position, the radial electron number density profile is flat, suggesting that the exhaust rapidly assumes a uniform spherical expansion pattern. The variation in electron temperature, however, is not so nearly dramatic, and is approximately 0.1 cV at both axial locations. The increased scatter and indicated temperature a t the fringe of the mcasurernent region may he due to probe misalignment with the flow. Partially corrected number density data from the small probe are plotted on Fig. 8 . The partial correction made to the data includes using electron temperature data obtained with the large probe with a Bohm model. This adjustment was necessary since kT, values calculated from the small probe assuming Bohm current collection were approximately an order or magnitude too high (-1 eV). Although the source of this error is thought to be due to the erroneous model used, no attempt was made to with the small probe at this time. The fact that the peak number density in Fig. 8 is slightly offset from the 0 cm radial position may he an indication that the probe axis is slightly misaligned with the thruster centerline. Using the Bohm model, the data from the small probe tend to he flatter in profile than those from the large probe, and tend to over-predict n. throughout the plume.
The overprediction in n, at the region of the plume of lowest density is expected since the probe finite sheath thickness effects are expected to have a significant effect on current collection. In fact, this phenomenon can be exploited as a diagnostic. By using the electron temperatures and number densities measured with the large probe in conjunction with the saturation currents measured with the small probe, an estimate of the sheath thickness can be made (i.e., by calculating the effective collection area of the small probe). Preliminary calculations to this effect have found that the effective collcction area of the small probe is approximately 2.5 times that of the actual probe surface, in the case of r,/XD E 1.5. This suggests that the radius of the collection cylinder is &% times T~, and that the sheath thickness is 0.6rD.
Since, b l r , 111.5 = 0.67, the sheath that for,,:s on thc sinall prohe is approximately one Dcbye length iirick.
Electron number density data from the large prohe w?re compared to data obtained from a microwave illtcrferomcter described in Ref. electron number densities predicted by the interferometer are consistently larger than those obtained from the large Langmuir probe. Given the inherently superior accuracy of n, measurements from the microwave interferometer in comparison to the Langmuir probe @e., 10% vs. SO%), it is anticipated that the interferometry data shows true number densities and that the Langmuir probe artificially suppresses n,. Although this trend has been observed recently in other studies in which the probe was thought significantly perturb the local charge density in a radiofrequency dis~hargejlg], no conclusive explanation can be given for our results at this time.
Plume Pressure Measurements
The task of measuring plume pressures in a supersonic Output from the Baratron was processed with an MKS PDR-C-IC display and the LabVIEW data acquisition system (cf. Fig. 10 ). The probe assembly was connected to a boom that was placed on the probe positioning system. Through use of the theta table, the probe could be rotated to morc than 340 degrees from the thruster axis. Fig. 11 shows typical data from a theta scan from -90 to 90 degree, with the probe at a fixed spatial location approximately 0.5 meters from the nozzle exit. The local flow angle can be interpreted as the point corresponding Although it has been demonstrated that this technique can he used to qualitatively map the far-field flow pattern, it was of particular interest to determine if absolute pressure measurements could be made. To this effect, the Revised Plume Model code (RPM) from the NASAJohnson Space Center (JSC) was used to generate dynamic pressure simulations for the arcjet. The code is capable of generating a complete spatial flowfield map of dynamic pressure values for a nozzle exhausting into vacuum. The input parameters for the code include nozzle grometry, stagnation pressure and temperature, moleciilar weight, 7 , and the houndary layer thickness at the nozzlc exit.
Thc R P N code was written by NASA-JSC with the goal of ohtaining an accurate model of the Shuttle Or- Since the ionization fraction of the plume is low (< lo-*), a high temperature neutral gas (30% dissociated hydrogen) WM assumed for the model. Thus, the very small amonnt of ionization in the plume combined with the simple nozzle geometry will create a plume flow field that is similar to that of a conventional rocket with a high exhaust temperature [26] . Successful extension of conventional plume flow field solvers such as RPM to the plume of arcjets provides a simple method of predicting the flow of the neutral species from these devices. Tliis application, if successful, would eliminate the need for development of costly arcjet solvers employing complicated (and unnecessary) models to account for ionization and dissociation in the plume.
The RPM code is based on a source flow model; the source flow model msumes that the neutral gas species behavcs as if it were emitted from a supersonic point source located at the nozzle exit plane. The density of this flow is nssumed to fall off as the radius squared in the inviscid core of the plume to satisfy mass conservation. An exponential decay factor is applied to the gas originating from the nozzle houndary layer. Fig. 13 shows comparisons between dynamic pressure profiles predicted by the code and impact pressure probe data at two axial locations (53 and 64 cm from the nozzle exit). As model inputs, the arcjet boundary layer thickness was estimated to be 1 mm at the exit, and the total bulk temperature and pressure were set at 3300°K and 0.27 MPa, respectively. Data points represent r,adial sweeps at discrete probe angles across the entire radial table (60 inches long) within a 50 degree cone from the nozzle. A s the figure shows, at each axial location the cnvelope of data is enclosed in the profile predicted by the model. The model predicts higher pressures near the ends of the table (*30 in) than are measured. For these measurements, tank pressure was recorded at 1.4 x Torr with the side-mounted ionization gauges (cf . Fig 2) Thus, the fact that dynamic and static pressure at the edgc of the measurement region falls helow the lower limit detectable by the Baratron (10-4 Torr) not only corroborates ionization gauge data, but suggests that the bulk of the neutrals flows within a 2-m-diam. region at these axial locations. Lastly, by comparing measured pressures with measured electron temperatures and number densitics a t these axial positions, and by assuming a heavy particle translational temperature of 2000 "K, an upper limit to the on-axis neutral gas density was calculated to be -1013 ~m -~, corresponding to an ionization fraction of -10-4.
. . ,
Conclusions
A detailed study of the plume from a 1 kW hydrogen arcjet has been performed. Langmuir probe, impact pressure probe, emission spectroscopy, and microwave interfcromctry were all employed in this study (also see a) 53 cm Ref.
[18]). In the near-field region, analysis of the hydrogen Balmer lines suggests that only the upper states of that series are in local thermodynamic equilibrium with the electrons, and use of lower states could result in erroneous temperature measurements. Near-field Langmuir probe measurements at varying probe angles suggest that the axial Row velocity 20 mm downstream of the nozzle exit varies rapidly with radius and at 20 mm from the centerline, the exhaust plume may be near the local heavy particle thermal speed. The Langmuir prohe was found to accurately predict far-field number densities (according to microwave interferometric data of Ref [18] ) using the Bohm saturation model when its radius is much larger than the local Debye Icngth. An ion saturation current model from Laframboise was found to accurately account for finite sheath cffccts that are present when the probe dimensions are on the order of the Debye length. By using saturation crirrcnt data from two probes of different sizes, it was proximately 1 Debye length. densities, and an assumed heavy particle temperature with these prcssure data, the ionization fraction was estimated to he or less.
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